The proton affinities of a series of mono-and polynuclear zinc-thiolate compounds, mimicking zing finger protein and metallothioneins sites, have been investigated by Density Functional Theory calculations. This allows to evaluate the intrinsic nucleophilicity of synthetic and natural zinc-bound thiolates and to compare their relative reactivities. The site specificity of the experimental thiolate alkylation for the Zn 4 Cys 11 clusters in metallothioneins is well reproduced, as well as the relative reactivities of ZnHis 2 Cys 2 , ZnHisCys 3 and ZnCys 4 zinc finger sites. Our results also show that terminal thiolates, bound to only one Lewis acid, are more reactive than bridging thiolates. Synthetic inorganic clusters and the Zn 4 Cys 9 His 2 cluster found in a cyanobacterial metallothionein are less reactive than Zn 4 Cys 11 and Zn 3 Cys 9 clusters in metallothioneins. These results allow discussing the influence of the protein backbone and residues on the reactivity of these natural clusters.
Introduction
Metallothioneins (MTs) are low molecular weight, cysteine-rich, metal-binding proteins that are found ubiquitously in nature. They have naturally-occurring Zn 2+ in metal-thiolate clusters and can coordinate a large number of other metal ions, including Cd(II) and Cu(I) [1] [2] [3] .
The fundamental roles of MTs in biological systems have yet to be determined. A number of functional roles have been proposed so far, including metal ion homeostasis and detoxification, as well as protection against reactive oxygen species [4] [5] .
MTs generally coordinate zinc ions in two distinctive cluster arrangements, the Zn 3 Cys 9 and the Zn 4 Cys 11 clusters, located respectively in the β-and α-domain of vertebrate class I MTs [6] [7] [8] . Both of them include end-on zinc-thiolate and bridging zinc-thiolate-zinc coordinations (Scheme 1). Class II MTs exhibit greater structural diversity as revealed by the sequences of these proteins [9] . However, detailed knowledge on zinc coordination environment is sparse. A four-metal ion cluster in which two histidine residues participate in metal ion coordination, resulting in a Zn 4 Cys 9 His 2 arrangement, has been described in a cyanobacterial MT [10] . Very recently, a mononuclear Zn binding site constituted by two cysteine and two histidine residues has been found in a plant MT [11] . In all cases, each zinc ion has four ligands.
These structural characteristics find some parallel in zinc finger (ZF) proteins. Indeed, the Zn 2+ ion in ZF has a tetrahedral coordination involving at least two cysteine thiolates while the remaining two ligands are either Cys or His residues (Scheme 1). Besides this chemical composition similarity, both redox and nucleophilic reactivities have been observed for mononuclear ZF and polynuclear MT sites. Despite the redox inactivity of the Zn 2+ cation, the Zn-S(Cys) moiety is redox-active in biology [12] [13] . This has been enlightened by Maret and Vallee for metallothioneins [14] [15] [16] and for "structural-like" zinc sites in ZF proteins [17] . It has to be noticed that other cysteine-containing zinc centers with a ZnCys 4 or a ZnCys 3 His core, like the molecular chaperone Hsp33 and the anti-sigma factor RsrA, respectively, possess redox activity [18] [19] [20] .
Zinc sites in ZF, as well as other "structural-like" zinc sites like the ZnCys 4 site in the Ada DNA repair protein [21] , have been shown to promote the alkylation of a zinc-bound thiolate [22] [23] . Based on studies on biomimetic zinc complexes [24] , both the thiolate reactivity [25] [26] and the reaction mechanism [27] have been shown to be dependent upon the nature of the zinc ligands. The reactivity of Zn(SPh) 4 2-against dimethyl sulfoxide was thus found to decline dramatically as successive thiolate ligands were replaced by neutral imidazole ligands [28] . It has to be noticed that this intrinsic reactivity of a "bare" zinc site is also modulated by the protein environment [29] . This characteristics has been used to synthesize anti-HIV agents that selectively target retroviral nucleocapsid protein zinc fingers without affecting cellular zinc finger proteins [30] [31] . Furthermore, two thiolates from the same site can afford diverse reactivities, according to their individual molecular interactions. This is the case for the ZnCys 4 site of the Ada DNA repair protein and for the ZnHisCys 3 C-terminal site of the Ncp7 zinc finger, which are alkylated specifically on Cys38 [32] and Cys49 [33] respectively.
MTs react with a variety of electrophilic agents, from DTNB [34] to anticancer chemotherapeutic drugs like the nitrogen mustard alkylating agents chlorambucil [35] , melphaban [36] and mechlorethamine [37] . As zinc finger does [38] , they also react with platinum drugs [39] , which is thought to be a cause of resistance in cancer treatment [40] Solvation free energy corrections were determined using the conductor-like screening model (COSMO) [66] which is a polarizable continuum solvation model. The COSMO calculations were carried out on the gas phase MARIJ-BP86/def2-SVP geometries, at the B3LYP/def2-TZVPP level, with a dielectric constant ε of 78.4.
Results and discussion

Studied models
Scheme 1 displays the mono-and polynuclear zinc-thiolate systems studied in this work. 3 and Zn(SCH 3 ) 3 -9 complexes are depicted in Figure 1 . The calculated proton affinities are presented in Table 1 (entries 1-3 and 19). All thiolate groups in 1-3 and 9 are terminal coordination ligands and present the same environment within each compound. They thus have the same proton affinity, which depends on the nature of the other zinc ligands. As observed previously for biomimetic complexes [42] , a thiolate ligand induces a higher nucleophilicity than a neutral nitrogen ligand like imidazole. As a consequence, the proton affinity of Zn(SCH 3 ) 4 2-is found to decline dramatically in the gas phase as successive thiolate ligands are replaced by neutral imidazole ligands, i.e. from 1 to 3. Inclusion of solvation effect reduces the difference in proton affinities between these complexes. The same trend is computed here, which nicely reproduces the one observed for the reactivity of biomimetic Zn(SPh) 4 2-, Zn(ImMe)(SPh) 3 - and Zn(ImMe) 2 (SPh) 2 complexes against electrophilic agents [28] .
The zinc atom in 9 has only three thiolate ligands leading to a trigonal planar coordination, contrary to all other zinc sites studied here which are tetrahedral. 9 may be view as being obtained by dissociation of one thiolate (resp. imidazole) ligand in 1 (resp. 2). In both cases, this induces a decrease of the nucleophilicity of the zinc-bound thiolate (gas phase (in respectively) leads to a decrease of the nucleophilicity of the zinc-bound thiolate. 
Polynuclear zinc sites
Optimized structures of the polynuclear clusters 4-8 and 10-12 are depicted in Figure 2 . For each zinc of all compounds, as for 1-3, a tetrahedral coordination is obtained after geometry optimization in the gas phase, in accordance with experimental structures. These zinc-thiolate clusters possess two kinds of thiolate ligands which are either "bridging" (noted S b ) between two zinc cations or "terminal" (noted S t ), i.e linked to only one metal. Furthermore, in several cases, two different bridging and/or terminal thiolates are present.
We will first examine the structural impact of protonation and the local reactivity of each cluster, i.e. the proton affinity of individual thiolates in each compound. The most nucleophilic sulfur of a cluster defines its reactive site and its global reactivity ; these will be compared in a second step. In all cases, protonation at sulfur induces a huge lengthening of that zinc-sulfur bond. This is illustrated for the case of 8 protonated on S b1 , thus leading to cluster 8H b1 (Figure 3 ).
Compared to the 2.406 Å of the Zn-S b1 bond length in 8 ( (Figure 3 ). In this as in most cases, the conformation of the cluster is not greatly disturbed by the protonation. However, in some cases (4H b , 5H b , 5H t2
and 10H b2 ), as shown in Figure 3 for 4H b , a more significant deformation is observed, as noted previously for a Cu-thiolate cluster [76] . i.e. without large-scale distortion of the protein conformation [37] . Furthermore, this indicates that the surrounding protein structure is not a prerequisite for this retention in MT sites. yellow, sulfur; blue, nitrogen; gray, carbon; white, hydrogen; green, zinc.
The calculated proton affinities for the polynuclear compounds are listed in Table 1 .
Interestingly, for each cluster a terminal zinc-bound thiolate has a greater proton affinity than a bridging thiolate. Continuum calculations indicate this to be true in solution as well as in the gas phase. This happens in all cases except for the bridging/terminal thiolates in the Zn 2 S 2 ring of 4 where the disruption of the ring induces additional stabilisation after protonation of the bridging thiolate. The fact that a bridging thiolate is bound to two zinc cations, i.e. two strong Lewis acids, instead of only one for a terminal thiolate, may explain their difference in basicity. At the same time, we note that for each cluster, Zn-S b bonds are always longer than the Zn-S t ones. Compared to the trend observed for 1, 2 and 9 with a decrease of both the Zn-S length and nucleophilicity, this confirms that the Zn-S length is not indicative of the reactivity of the thiolate sulfur [42] . The Zn-S length however reflects the competition between zinc ligands to bind to the metal. Indeed, sulfur to zinc electron transfer, associated with the formation of the Zn-S bond [77] [78], makes a dissociated thiolate more prone to bind to zinc (forming a terminal thiolate) than a zinc-bound thiolate (forming a bridging thiolate).
Interestingly, computed electronic charges at sulfur atoms are very similar in all cases, ranging between -0.66 and -0.60 electrons. Consequently, differences on atomic charges, for example between bridging and terminal sulfur atoms, do no reflect the reactivity trends that are well fit with the proton affinities.
7 and 8 possess two kinds of terminal and bridging thiolates. Proton affinities computed for these sites indicate the influence of the other zinc-bound ligands. The co-ligands of S t1 in 7
are one terminal and two bridging thiolates whereas S t2 has three bridging thiolates as partners. The competition for coordination to the zinc is thus more difficult for S t1 than for S t2 .
This is reflected by the longer Zn-S t1 bond compared to Zn-S t2 . In that case, we postulate that it explains the larger proton affinity of S t1 compared to S t2 : 1766 (1188) vs 1730 (1161) kJ/mol in the gas phase (in solution) for S t1 and S t2 in 7 respectively (entries 11 and 12 in Table 1 ). The opposite result is obtained for S t1 and S t2 sites in 8 ( Table 1 , entries 15 and 16),
indicating that an imidazole is a weaker electron transfer competitor than a bridging thiolate.
The largest proton affinity value of 7 is obtained for the terminal S t1 thiolate both in the gas phase and in solution (Table 1 , entries [11] [12] [13] [14] . This is in agreement with experimental results which indicate that Cys48, which is of S t1 -type, is the most reactive thiolate for alkylation in the Zn 4 Cys 11 cluster of rat MT-2 [35] [36] [37] . If the protein environment is able to differentiate between the four S t1 sites in a Zn 4 Cys 11 cluster, it thus seems that the surrounding protein structure cannot modify the reactivity order between two different thiolates in a given cluster. Consequently, we predict that the most reactive site in the Zn 4 Cys 9 His 2 cluster of cyanobacterial MT [10] is one of the S t2 -type thiolates.
Relative reactivity of zinc sites
Our results allow building a scale of intrinsic nucleophilic reactivity for mono-and polynuclear zinc-thiolate sites. The following decreasing orders are obtained in the gas phase and in solution :
We start by examining gas phase results. As expected, we first notice that the more anionic sites are the more nucleophilic. This effect indicates large electronic delocalization in these clusters. This should happen through the sulfur to zinc electron transfer associated with the Zn-S bond. Indeed, chemical modification of a cluster at one side induces a change in its reactivity, even if the active thiolate and its co-ligands are not modified. In other words, the indirect co-ligands of a zinc-bound thiolate, i.e. the ligands of the other zinc atoms in the cluster, play a role in its reactivity. For example, 11 may be viewed as the addition of the Zn(SCH 3 ) + fragment onto 7. This modification of 7 induces electronic transfer from its thiolate to the added cationic fragment, thus leading to a large decrease of its reactivity.
The same effect applies when the added fragment is neutral. This is the case for example from and 1401 kJ/mol for 2 and 5 respectively, see entries 2 and 6 in Table 1) indicates that a zincbound thiolate in 3 can still induce a higher nucleophilicity than does imidazole.
The range of proton affinities in solution (from 1209 kJ/mol for 1 to 1133 kJ/mol for 10) is much more reduced than in gas phase (from 1791 kJ/mol for 6 to 1044 kJ/mol for 3). We also notice that the reactivity order is partly modified compared to the gas phase order. This change is due to the fact that in solution, there is a high stabilization of the anionic sites due to the polarization of the medium. Thus charge neutralization of these structures through protonation is not as favorable as in the gas phase. As a consequence, the above noticed effects observed in the gas phase when a fragment is added to a molecule are not always reproduced in solution. Comparing natural and synthetic zinc-thiolate clusters, we remark that there is no synthetic equivalent of the most reactive natural sites like 6 and 7. Their closer structural models, 11
and 12, are far less reactive than the MT clusters, indicating strong electronic difference between the natural sites and their synthetic models. It is indeed significant that in solution, the less reactive clusters (clusters 9-12) are all synthetic ones. We believe that this comparison enlightens the role of the MT backbone and residues, through protein packing and electrostatic screening, in stabilizing the zinc-thiolate clusters, as is the case for ZF sites [29] .
Even if they are structurally rather different from MT clusters, their better electronic models are 1 and, to a lesser extent, 4, which are biological sites but also models of synthetic compounds [79] [80]. 8, model of the poorly reactive cyanobacterial MT Zn 4 Cys 9 His 2 site, possesses approximately the same reactivity as the mononuclear sites 2 and 9. Furthermore, synthetic clusters 10, 11 and 12 show reactivity almost similar to that of 8. It is thus reasonable to believe that inorganic models of 8 will be synthesized in the future.
Conclusion
Based on the linear correlation between proton affinity and nucleophilicity of zinc-bound thiolates, we have evaluated the reactivity against electrophilic agents of a variety of monoand polynuclear zinc compounds. The relevance of this strategy is illustrated by the agreement between our calculations and the experimental results on the relative reactivity (between zinc finger sites) and selectivity (within the Zn 4 Cys 11 cluster in metallothioneins) of zinc-bound thiolate alkylation. From these results, we conclude that protein packing and electrostatic screening of the Zn 4 Cys 11 cluster induces selectivity between the four equivalent S t1 -type sites of 7, but does not modify the relative reactivity between the different bridging and terminal thiolates. Comparison between synthetic and natural sites shows that the former are less reactive than the vertebrate MT clusters but comparatively more similar to the cyanobacterial MT Zn 4 Cys 9 His 2 site. We think that this illustrates two strategies adopted by nature to kinetically stabilize these nucleophilic sites, either through steric and electrostatic
